Direct laser writing (DLW) is a versatile materials processing technique often applied to device prototyping. However, a fast and cost effective DLW process for fabricating three-dimensional (3D) conductor-insulator composites has yet to be demonstrated. In this work, polyimide (PI) is established as a viable platform for creating 3D graphitic circuits through ultrafast DLW. Under optimized processing conditions, graphitic material with a resistivity of 6 Ω·cm was formed in the laser irradiated regions. A thermal and microstructural material model is proposed for the non-linear DLW process and its graphitic products. The process is demonstrated to be an inexpensive and rapid technique for creating electrical contacts to nanoscale components. Future applications of the technique range from nanowire power generation to 3D integrated photonic and electronic devices.
Introduction
Over the course of the last 20 years direct laser writing (DLW) has proven itself as a viable technique for three-dimensional (3D) device prototyping in a broad range of transparent materials [1] . The devices that have been demonstrated include photonic components [2, 3] , laser sources [4, 5] , and microfluidic channels [5, 6] . Researchers have also experimented with metal-doped polymers as a material system for DLW sub-surface metallic wires [7] [8] [9] . However, using this method the polymer matrix must be washed away before a conductivity can be measured in the DLW metallic structures that remain on the surface. In a limited class of insulating materials it is possible to use DLW to form encapsulated 3D electrically conductive structures. Laser-induced graphitization of diamond was first observed a decade ago [10] , and has been exploited to create highly conductive circuits within bulk diamond [11] . Although the material costs for these devices are high, they have applications such as 3D diamond detectors for particle tracking [12, 13] .
In this work we establish polyimide (PI) as a new material platform for creating conductive graphitic carbon circuits in 3D. PI is a commercial polymer that is an economical alternative to synthetic diamond. A DLW technique has been developed to induce the formation of functional graphitic material within PI. Several parameters including pulse energy, scan speed, and pulse length have been optimized in the process for peak conductivity and yield. The physical mechanism is confirmed through modelling and microcharacterization of the graphitic carbon product. To demonstrate the potential of this conductor-insulator composite material for rapid device prototyping, electrical contacts are machined through PI to a representative nanotechnology component, namely an encapsulated Ag nanowire (NW).
PI, also known by its commercial name Kapton, was first developed by DuPont TM . It demonstrates exceptional thermal stability up to 673 K and good insulating properties (10 17 Ω·cm volume resistivity) [14] , making it attractive for applications in microelectronics and aerospace. In 1991 Schumann et al. discovered that focusing an ultraviolet (UV) KrF laser onto the surface of PI led to a conductivity increase of 15 orders of magnitude in the irradiated regions [15] . Through Raman spectroscopy it was determined that the irradiated sites were largely composed of C−C bonds [16] . The work concluded that the C=O, C−O, and C−N bonds in the PI were ruptured during the laser machining process, creating a percolation network of polycrystalline and amorphous carbons. The carbonization of PI is attributed to photothermal effects initiated via laser irradiation. By studying the ablation rate of PI using several laser wavelengths, it was found that the temperature threshold to drive the formation of graphitic carbon is ∼ 850 o C [17] . In a later study, the gaseous products from PI ablation were captured and measured [18] . The results showed that the ablation products consisted mostly of CO, HCN, and C 2 H 2 .
Infrared (IR) CO 2 laser radiation was recently found to be equally capable of producing graphitization on the surface of PI [19] . Further analysis of the irradiated areas using transmission electron microscopy revealed that the laser process liberated carbon monolayers from the PI substrate, creating a porous graphene network on the sample surface. This discovery led to the now widespread use of laser-induced graphene for developing DLW capacitors [20] [21] [22] and sensors [23] .
Notably, there are no reported studies of sub-surface conductivity increases in the bulk of PI using ultrafast pulses. This is likely due to the very specific beam conditions required to avoid surface damage and still achieve 3D conductive structures. Most work using femtosecond pulsed lasers to machine PI films investigated only laser ablation and surface topology changes [24, 25] . Other studies have used femtosecond sources to modify the bulk of PI films [26, 27] , however no electrical conductivity increases have been reported. To the best of our knowledge, the conversion of bulk PI to conductive graphite using a femtosecond source has not been previously demonstrated in literature. Using the DLW technique outlined here we have been able to fabricate 3D networks of graphitic carbon and create reproducible electrical contacts to nanoscale components (i.e. metallic NWs). This process offers several advantages over current 2D surface patterning techniques, such as electron beam lithography and beam-assisted chemical vapour deposition, commonly used for creating electrical contacts [28] . Using a DLW process, 3D stacks of nanoscale devices and those encapsulated in transparent materials can be contacted with high precision, which would be impossible in a single process otherwise. The reduced number of processing steps required and the low cost of materials indicates that this DLW technique may also be attractive to a wide breadth of other electrical prototyping applications.
Experimental
The PI samples used in this work were cut from Kapton R HN sheets supplied by DuPont TM with a nominal thickness of 127 µm. Before laser irradiation the sample surfaces were washed with isopropyl alcohol (IPA) and secured onto glass slides using tape. During DLW the samples were mounted onto an Aerotech ANT130 XYZ stage to achieve positioning with nanometer precision.
The laser source is an amplified high repetition rate Ti:Sapphire system with an output wavelength centred at 800 nm. Seed pulses from a Coherent Mira oscillator are amplified by a Coherent RegA to reach pulse energies on the order of microjoules. For this work the repetition rate of the laser was set to 100 kHz. The minimum duration of the output pulses ranged from 150-180 fs, which is monitored using an auto-correlator (assuming a sech 2 pulse shape). Using the diffraction grating in the RegA the pulses could also be chirped to 1.5 ps, used (where stated) for study of the non-linear origin of the breakdown process. The pulse energy of the laser at the sample was controlled using a diffractive optical attenuator. The scan speed of the beam was controlled at the stage from 10 − 0.002 mm/s, corresponding to 10 − 50000 pulses/µm at a 100 kHz repetition rates. A linear beam polarization is used during all DLW experiments.
The focusing optic was a 0.45 NA long working distance objective with 20X magnification. Through beam profiling experiments the focal spot size produced by the objective has been calculated to be 2.5 µm (see Supplementary Fig. S1 ). A camera aligned coaxially with the beam was utilized to position the laser spot to specific points on the sample with a precision of 1 µm. A backlight provides the necessary illumination of the sample.
The Raman spectroscopy measurements we present were carried out on a Renishaw 1000 Raman microscope. The excitation laser source emitted 2.32 mW of power at a 514 nm wavelength, which was focused onto the surface of the samples using a 0.55 NA objective. During post-processing the data was smoothed and the fluorescence background from the PI was subtracted.
The Ag NWs used to demonstrate DLW electrode prototyping were supplied by Sigma-Aldrich (product number: 739448). The nominal dimensions of the NWs were 115 nm in width and 20−50 µm in length, although a small number of wires exceeding 50 µm were found. The wires were received dispersed in an IPA solution at a concentration of 0.5 wt.%. The initial solution was diluted to 0.05 wt.% and spin coated onto a PI film at 5000 rpm. Under these conditions isolated NWs were visible on the surface of the PI under 20X magnification. After drying, the surface of the PI samples were covered in a ∼1 mm thick layer of high clarity epoxy (Opti-tec TM OPT 5012) to encapsulate the Ag NWs.
With the Ag NWs secured and isolated from ambient conditions, graphitic contacts were written to the ends of solitary wires. The initial DLW took place on the surface of the polyimide at the interface with the epoxy. From the DLW contacts, graphitic vias were machined through the bulk of the PI film to the outside surface, providing external electrical links to the fully encapsulated Ag NW. To perform electrical characterization of the DLW structures, silver paint (Alfa Aesar 45661) was applied at the via terminals to form large contacts pads. Gold probes used to contact the pads were connected to a Keithley 487 Picoammeter that acted as a source/measure unit to test the conductivity of the circuits.
Results and Discussion
From the host of parameters that can be varied in a DLW experiment, optimal conditions were sought that would enable non-linear absorption of the laser beam in the bulk of PI while avoiding ablation at the surface. A critical constraint in any 3D DLW process is the material to be modified must be single-photon transparent to the laser wavelength, which enables absorption to occur solely at the high-intensity laser focus through non-linear processes. The absorption edge of PI was calculated to be 2.3 eV through absorption spectroscopy (see Supplementary Fig. S2 ). At 800 nm the Ti:Sapphire laser has a 1.55 eV photon energy, therefore the system satisfies the condition for non-linear photoionization.
To achieve bulk modification, it is important to ensure that the laser fluence at the sample surface is below the ablation threshold of the material. The surface ablation threshold of PI was calculated [17] . The area of the calculated curves represents an error of ±10% in the non-linear absorption coefficient.
by setting the focusing depth (depth of the nominal laser focus below the surface of the sample) to 50 µm and scanning the sample transversely at a rate of 10 pulses/µm. Pulse energies of 0.5, 1.0, 1.5 and 2.0 µJ were used. These pulse energies correspond to power intensities of 7×10 13 , 1.4×10 14 , 2.1×10 14 , and 2.8×10 14 W/cm 2 at the focus, respectively. A cross-sectional image of the irradiated sample is provided in Supplementary Fig. S3(a) . No ablation was measurable for the 0.5 µJ pulses, however clear damage emerged at 1.0, 1.5 and 2.0 µJ. The ablation threshold for PI was extracted through an analysis of the ablation spot size as a function of laser fluence (see Supplementary Fig. S3(b) ) [29] . This threshold was found to be 0.21 J/cm 2 , which is equivalent to a pulse energy threshold of 0.95 µJ for these writing conditions. The result agrees closely with previous work that determined the ablation threshold of PI to be 0.3 J/cm 2 using 800 nm femtosecond laser irradiation [25] . The reason a lower ablation threshold was observed here may be due to the higher repetition rate of our source (100 kHz compared to 1 kHz), which heats the sample more quickly leading to faster ablation.
The threshold for bulk modification in PI was determined using several laser scan speeds (10, 20, 50 , and 100 pulses/µm) and writing depths (0, 20, and 60 µm). The pulse energy was set to 0.5 µJ to stay well below the ablation threshold previously calculated. Cross-sectional images of the sample after irradiation are provided in Fig. 1(a)-(c) . It can be seen that when focused at the surface the laser produces clear ablation spots. When the nominal laser focus is moved 20 µm into the bulk of the sample the pulses are still absorbed by the surface of the PI film, which thermally induces the formation of a graphitic material. The graphitic carbon then absorbs any further laser irradiation, preventing modification below the surface. Finally, when the laser is focused 60 µm below the surface, the graphitization of bulk PI is detected at ≥20 pulses/µm. No modification is detectable for 10 pulses/µm, which suggests that a temperature threshold must be met before the formation of graphite in the bulk can occur. This is consistent with previous work that proposed a temperature threshold for laser-induced graphitization on the surface of PI [17] . The reason we observe graphite forming at the surface using 10 pulses/µm in Fig. 1(b) is the thermal diffusivity of the air is much less than that of PI [14] , leading to higher peak temperatures at the surface. Scan speeds with 20 and 50 pulses/µm both produce very faint sub-surface modification regions, which are deeper than 60 µm due to spherical aberrations that stretch the focus along its axis. At 100 pulses/µm a strong modification region 15 µm wide becomes clear. One can also see a small secondary modification region ∼50 µm below the first for 100 pulses/µm, which is again attributed to spherical aberrations [30] . The expected length of focal stretching due to spherical aberrations is calculated to be 50 µm (see Supplementary Section S5), which matches these observations. The first modification region exists at the leading edge of the stretched focal region and is formed by the converging paraxial rays of the beam. The second modification region is formed by the aberrated peripheral rays, which avoid absorption in the first modification region and converge deeper within the sample. While this second modification region could also be due to filamentation [31] , the large separation between the two regions indicates this is unlikely. It is believed that at higher scan speeds (20 and 50 pulses/µm) there is insufficient energy within the PI to produce modification at the edge of the focal volume, or induce a second modification region.
This result demonstrates that although PI has a relatively low surface ablation threshold, direct laser writing within the bulk is still possible using low pulse energies and reduced scan speeds.
When the investigation of DLW inside PI was repeated using an 800 nm continuous-wave beam from the laser oscillator, no modification was observed above or below the surface. In these trials the laser power (50 mW) and stage scan speeds (10, 20, 50 , and 100 pulses/µm) were consistent with the work presented in Fig. 1(a) -(c). This indicates that short pulses are critical to reach the large peak intensities required for non-linear photoionization. Multiphoton absorption and tunnelling ionization are the two processes responsible for non-linear photoionization [32] . During multiphoton ionization several photons are absorbed simultaneously to create ionization in the sample. For this material system and DLW set-up, 2-photon absorption would achieve sufficient energy for photoionization. In contrast, tunnelling ionization occurs when a large electric field is created at the laser focus, which causes bending of the ionization potential barrier to facilitate tunnelling of the electrons to the excited state. Using the analysis proposed by Keldysh [32] we predict that at a pulse length of 150 fs the initial laser absorption is dominated by the tunnelling ionization process. To further explore the importance of pulse length the experiments outlined in Fig. 1(a) -(c) were repeated using pulses chirped to 1.5 ps (see Supplementary  Fig. S4 ). At this longer pulse length the radiation is absorbed in a process dominated by multiphoton photoionization. We observed that 1.5 ps pulses are also capable of producing graphitic carbon in the bulk of PI. Based on this observation we suggest that regardless of the mechanism used to initiate non-linear photoionization, the conversion of bulk PI to graphitic material is ultimately guided by the same photothermal effect.
The results of the scan speed and pulse length dependence experiments indicate there is a temperature threshold that must be reached before graphitization of PI is achieved. Previous work has estimated this temperature threshold to be 852 ± 26 o C on the surface [17] . In Fig. 1(d) the temperature of a single point inside of PI is modelled as the laser is scanned over it at a rate of 10 and 20 pulses/µm. This data was obtained using the three-dimensional heat diffusion equation (see Supplementary Section S5 for details). The non-linear absorption of 150 fs long pulses inside the bulk was estimated to be 57 ± 6 % from power transmission experiments (at 0.5 µJ and 10 pulses/µm). This value represents the ratio of power transmitted through PI with the focus centred inside the film to the power transmitted with the focus outside the film. It was assumed that the absorption was spread over the focal volume of the pulse. A focal length of 50 µm was determined by calculating the effect of spherical aberrations on the beam, which were confirmed by experimental measurements in Fig. 1(c) . The material properties of PI were taken from the material data sheet supplied by DuPont R [14] . We assumed very little heat is able to diffuse to the surface of the PI film, an assumption that is supported by the temperature model itself. From the 20 pulses/µm data plot in Fig. 1(d) it can be seen that the peak temperature exceeds the threshold calculated by Küper et al. within error [17] . This result supports our experimental observations that a scan speed of 20 pulses/µm produces temperatures inside the PI above the graphitization threshold. When 10 pulses/µm is simulated, the peak temperature overlaps with the threshold within error. This result does not allow us to confirm or deny our experimental observation that 10 pulses/µm is below the graphitization threshold of PI. However, it does indicate that at 10 pulses/µm the temperature inside the PI is close to the threshold. Therefore, if modification is achieved it may be too weak to resolve through our microscopy set-up. Together these results indicate that the surface graphitization temperature threshold may also apply to graphitization in the bulk.
Experiments were carried out to create conductive graphitic structures through the bulk of PI films in the form of vias using 3D DLW. The laser pulse energy was again set to 0.5 µJ while varying the stage scan speed from 1000−50000 pulses/µm to find the optimal conditions for DLW. The writing direction was always perpendicular to beam polarization. During experiments the focus of the laser was traced from the back of the samples, through the bulk, to the front in order to avoid surface ablation. Five vias were fabricated at each scan speed. It was found that in all tests the vias were initially very resistive at low voltages, but when higher voltages were applied some devices displayed a turn-on behaviour during a 0−500−0 V scan. In Fig. 2 (a) the probability a via will turn-on and the average resistance of those that did are plotted as a function of scan speed. The resistance was measured from a -2−2 V IV scan where all devices be- Figure 2 : The conductivity and turn-on probabilities for vias are plotted as a function of scan speed in (a). Error is defined by the maximum and minimum resistance values measured in each set of vias. Cross-sections of DLW vias through PI written with 10000 pulses/µm back-to-front and front-to-back are imaged optically in (b) and (c), respectively. For the back-to-front via a Raman spectrum from the surface and bulk is plotted in (d).
haved ohmically above 1 V (see Supplementary Fig. S5 ). The error for the resistance values is taken from the maximum and minimum measured resistances of the 5 devices tested. It can be seen from this plot that 10000 pulses/µm was sufficient to generate turn-on in all vias fabricated with an average resistance of 14 +7 −6 kΩ. Although reducing the scan speed still creates devices that consistently turnon, the average resistance of the vias is also increased. Vias were also fabricated using 1.5 ps pulses and 10000 pulses/µm, however the average resistance of the vias was marginally higher (16 +9 −8 kΩ) and only 80% of the devices turned-on. Supplementary Fig. S6 illustrates the via turn-on behaviour. The current measured through the via quickly (¡1 s) spikes as the voltage rises during turn-on, indicating a high conductivity state has formed. This behaviour is similar to resistive switching that has been seen in carbon devices before [33] . The proposed switching mechanism in these devices is Joule heating within the nanocrystalline microstrucuture of the DLW region, which produces a conductive filament through annealing [34, 35] . The physical effect of the annealing is believed to be clustering and alignment of the sp 2 hybridized sites within the sp 3 matrix of the amorphous carbon along the direction of the applied bias. In previous studies groups have also been able to turn-off the devices and achieve bi-polar switching using carbon. This was done through the application of 0.1 ns voltage pulses that heat-quench the carbon, breaking the conductive pathways [36] . This turn-off effect was not desired in our application, therefore the voltage is always reduced slowly in the device to avoid quenching the conductivity. The stability of the via following device turn-on was measured over the course of 40 hours (see Supplementary Fig. S7 ). During this time the current dropped by only 0.06 %/hour, and was not affected by the absence of any applied bias for one hour. This same microstructural model for the graphitic material produced through DLW can be applied to understand the rising resistances seen at scan speeds slower than 10000 pulses/µm. Slower scan speeds will create higher temperatures inside the PI, ultimately leading to larger quenching effects once the laser is removed from the film. These quenching effects may create extensive breaks within the conductive layers of graphite, similar to turn-off in carbon-based bipolar switches. For this reason 10000 pulses/µm was chosen as the ideal scan speed in this process. As a demonstration that 3D DLW is essential to this technique, 5 vias were fabricated at 10000 pulses/µm with the laser scanning from the front to the back of the sample. In this case no conductive devices were formed, which is likely because the ablation/modification of the PI surface hinders the formation of graphite within the bulk.
The cross-section of a via written back-to-front at 10000 pulses/µm (which are measured in Fig. 2(a) ) is presented in Fig. 2(b) . The cross-section of a second via written front-to-back at 10000 pulses/µm is provided in Fig. 2(c) . One can see that the former of the two has a very consistent cylindrical shape through the bulk of the film. Only a small amount of ablation is visible on the front surface of the via. Taking the width of the via (w) to be ∼ 25 µm and the average resistance (R) to be 14 kΩ (from Supplementary Fig. S5 ), the volume resistivity (ρ) of the modified area can be calculated using ρ = Rπw 2 /4t, where t is the thickness of the film (127 µm). Using this expression the resistivity is calculated to be approximately 6 Ω·cm, which is 16 orders of magnitude less than virgin PI and 2-3 orders of magnitude greater than pure graphite. This resistivity is also 2-3 orders of magnitude larger than for DLW wires produced on the surface of PI using the same laser source, the reason for which is unclear. In image Fig. 2(c) where the wire was written frontto-back, the shape of the modification is clearly very distict from the via written back-to-front. Instead of a graphitic wire we see a large ablation area leading from the front surface to the middle of the film. There is no complete conductive pathway visible in this image, which is consistent with its insulating properties.
Raman spectroscopy was performed in the bulk of the via and on the surface (Fig. 2(d) ), where the D and G peaks of graphite are clearly visible. From the location of the G peak (∼ 1600 cm −1 ) we can infer that clustering of the conductive sp 2 graphite phase is present, indicating a nanocrystalline microstructure [37] . The presence and size of the D peak also supports this conclusion. This microstructural model is in agreement with the observation of resistive switching behaviour in the vias.
Based on these results we propose the laser-induced conversion of bulk PI to graphite develops as follows. Non-linear photonionization processes lead to absorption of the ultrafast beam below the surface of PI. If the scan speed of the process is sufficiently slow, heat will build up at the laser focus to exceed the thermal thresh- old for graphitization (∼ 850 o C). At this temperature the C=O, C−O, and C−N bonds in the PI will rupture and be replaced by C−C bonds [16] . The possible release of CO, HCN, and C 2 H 2 gases into the bulk of the PI during the process is the subject of future work [18] . The laser-modified region then contains isolated graphitic nanocrystals in an amorphous carbon network. Joule heating along the DLW path selectively anneals a filament through the graphitic carbons. The final product is a conductive pathway through percolative clusters of aligned nanocrystals.
We demonstrate the new capabilities that this technique provides by applying our 3D DLW process to the electrical packaging of exemplary nanostructures. NWs are notoriously difficult to drive electrically as their small size requires electrical contacts to be fabricated with high precision. Their small size also makes them difficult to position laterally across pre-existing contacts on a substrate, although techniques such as fluidic alignment [38] and dielec-trophoresis [39, 40] have been demonstrated. Ultimately, forming electrical contacts to single randomly deposited NWs usually requires electron-beam lithography or beam-assisted chemical vapour deposition [28] . The PI/epoxy packaging system used here to encapsulate the NWs is appealing for several reasons. The PI itself is a chemically/thermally stable and flexible polymer that has been used repeatedly in the past as a substrate for NW devices [41] [42] [43] [44] [45] . The epoxy encapsulate serves to confine the NWs and protect them from ambient conditions, which may eliminate the need for controlled atmospheres during fabrication and testing in some applications.
An encapsulated Ag NW with DLW graphitic electrodes is presented in Fig. 3(a) and (b). The wires were fabricated at the interface between the PI and epoxy using a 1.0 µJ pulse energy and 20 pulses/µm. The pulse energy was chosen to be above the surface ablation threshold of PI. The path of the laser was directed through the epoxy encapsulate for this process. We found that the direction of writing in relation to beam polarization had no significant effect on conductivity, although recent work has indicated polarization can play a role in photothermal processes and further work is required to confirm this [46] . From the surface wires, vias were fabricated through the PI film to form external contacts. This process used a 0.5 µJ pulse energy and 10000 pulses/µm, as these parameters were deemed to be optimal in previous experiments. To perform this the sample was flipped so the beam was now incident on the PI film. A schematic detailing the final DLW circuit is provided in Fig. 3(c) . Via-wire contact was made by using vias in pairs, which could be turned-on in isolation to avoid applying large voltages across the NW. The inset of Fig. 3(c) is a cross-sectional image of a DLW wire formed on the surface of encapsulated PI. Here, one can see the graphitic carbon formed through DLW has pushed into the epoxy layer, similar to Fig. 1(b) . It is believed that the heat generated during the DLW process softens the epoxy to allow for this effect. The current measured through the NW after all vias had been turned on is shown in the IV plot in Fig. 3(d) . For reference, the same DLW circuit was fabricated without a NW in the gap between surface contacts. No conductance was measurable through this device, indicating that the current measured in Fig. 3(d) is only passing through the NW and not conducting through the PI or epoxy films. The electrical response of the circuit is highly non-linear, with a resis-tance of 50 MΩ at 100 V. When the device was pushed to 145 V the contact to the NW failed, although no damage was visible through microscopy. Independent resistance measurements of vias, wires at the interface of PI and epoxy, and the junctions between the two indicate that the DLW components of the circuit account for a resistance of 66 +239 −32 kΩ. The Ag NWs themselves have a negligible resistance, therefore the majority of the resistance occurs at the DLW junction with the NW, which was not optimized here.
Conclusions
This work demonstrates a one step DLW process for fabricating 3D conductor-insulator composite materials using commercial polymer films. The effects of pulse energy, pulse length, and scan speed have been studied in-depth to determine the optimal parameters for creating 3D electrical conductors in PI. Thermal modelling of the process confirmed that the temperature threshold for laser-induced sub-surface graphitization is ∼ 850 o C. Graphitic carbon vias with a resistivity of 6 Ω·cm were formed through the bulk of PI films. Our analysis of these vias concludes that the DLW regions are composed of nanocrystalline sp 2 hybridized carbons within the sp 3 hybridized matrix. By selectively annealing the irradiated regions using Joule heating the sp 2 sites cluster to form a conductive filament. This microstructural material model is consistent with previous work [16, 35] and the analysis of our Raman spectra.
This novel 3D graphite-PI material system shows promise in the field of micro/nano-electronics packaging. As a proof of principle, the optimized DLW methodology was applied to fabricate electrical contacts across an encapsulated Ag NW. Looking forward, the same process could be used to realize electrically driven NW power generators [41] , switches [42] , heterojunctions [43] , transistors [44] , and sensors [45] on flexible PI substrates. Our results demonstrate the DLW process is also possible using a picosecond laser source, which dramatically reduces the cost of applying it in a commercial setting. It is feasible that the same laser source could be used to characterize the performance of functional NWs [47, 48] before contacts are written to the best performing devices. Finally, the versatility of DLW suggests that fabricating electrical circuits and photonic components could be achieved using a single methodology. Coating materials that support DLW optical waveguides, such as glass [1, 2] and polymers [49] , with PI films may prove to be a viable platform for integrating optics and electronics.
